perfusion in the exocrine and endocrine parts of the pancreas in vivo. We also intended to correlate possible ATII-induced changes in pancreatic blood flow to effects on insulin secretion by measuring insulin concentrations in the effluents of isolated perfused pancreata.
Materials and methods
Animals. Adult male Sprague-Dawley rats from a local breeding colony (Biomedical Center, Uppsala, Sweden) weighing approximately 350 g were used in all experiments. The animals had free access to pelleted food (Type R34; AB AnalyCen, Lidko È ping, Sweden) and tap water. All experiments were approved by the local animal ethics committee at Uppsala University.
Blood flow measurements. The animals were anaesthetized with an intraperitoneal injection of pentobarbital (50 mg/kg body weight; Apoteksbolaget, Stockholm, Sweden), heparinized and placed on an operating table maintained at body temperature. Polyethylene catheters were inserted into the ascending aorta, via the right carotid artery, and into the left femoral artery. The former catheter was connected to a pressure transducer (PDCR 75/1; Druck Ltd., Groby, UK) and the mean arterial blood pressure was monitored throughout the experiments. The animals were allowed to stabilize their blood pressure until it remained constant ( < 5 % variation) for at least 15 min. They were then slowly injected intravenously during 2 min with either the angiotensin converting enzyme (ACE)-inhibitor enalaprilate (25 mg/kg body weight; MSD International, Rahway, N. J., USA) or the corresponding volume (0.2 ml) of saline. Other animals received an intravenous infusion (0.1 ml/min for 10 min) of saline, the ATII-receptor antagonist saralasin (0.15 or 0.30 mg × kg ±1 × min
±1
; Sigma Chemicals, St. Louis, Mo., USA) dissolved in saline or ATII (Sigma) dissolved in saline (2, 50 or 100 ng´min ±1 ). The blood flow measurements were performed 10 min after the start of the injection, or after 10 min of infusion, respectively.
The blood perfusion of the whole pancreas, pancreatic islets and adrenal glands was determined with a microsphere technique as previously described in detail [10] . Briefly, 1.5± 2.0´10 5 non-radioactive microspheres (NEN-Trac; DuPont Pharmaceuticals Inc., Wilmington, Del., USA), with a diameter of 11 mm, were injected during 10 s through the catheter with its tip in the ascending aorta. Starting 5 s before the microsphere injection, and continuing for a total of 60 s, an arterial blood reference sample was collected by free flow (approximately 0.50 ml/min) from the catheter placed in the femoral artery. The exact withdrawal rate in each experiment was controlled by weighing the sample. The animals were then killed and the whole pancreas and adrenal glands were removed, blotted and weighed. The organs were treated with a freezethawing technique which allows the visualisation and localisation of the microspheres to either the endocrine or the exocrine part of the pancreas [11] . The blood flow values were calculated according to the formula Q org = O ref´Norg /N ref , where Q org is organ blood flow (ml/min), Q ref withdrawal rate of the reference sample (ml/min), N org number of mirospheres in the organ and N ref the number of microspheres in the reference sample.
The blood flow to each of the adrenal glands was calculated in each experimental animal. A difference in adrenal blood flow less than 10 % between the two glands was considered confirmatory of an adequate mixture of the microspheres with the circulation. Two animals were excluded from the study since they did not fulfil this criterion.
Measurements of glucose.
In all experiments, the blood glucose concentrations were measured at the time of the blood flow measurements with ExacTech-blood glucose reagent strips (Baxter Travenol Laboratories Inc., Deerfield, Ill., USA) in arterial blood samples. Blood glucose concentrations were also determined immediately before infusion of saline or saralasin.
Perfusions of pancreas-duodenum. The animals were anaesthetized with an intraperitoneal injection of pentobarbital as given above, and placed on a heated operating table. The whole pancreas and duodenum were then removed from the animals as previously described [12, 13] . The preparation was placed in a funnel, and kept at a constant temperature (37°C) and humidity throughout the experiments. The secretions from the intestine and exocrine pancreas were diverted through a separate catheter in the duodenum. The pancreas-duodenum preparation was perfused at 1.5 ml/min without recirculation with a continuously gassed (95 % O 2 : 5% CO 2 ) bicarbonate buffer [14] , supplemented with 10 mmol/l Hepes (Sigma) and 2 mg/ ml each of dextran (Dextran T70; Pharmacia Fine Chemicals, Uppsala, Sweden) and bovine serum albumin (Fraction V; Miles, Slough, UK). This basal medium was then further supplemented as given below.
All perfusions, with the exception for group C below, started with a 15-min equilibration period with basal medium supplemented with only 2.8 mmol/l d-glucose. After this, the perfusions followed one of the protocols outlined below with the following additions to the basal medium: A) 30 min with 16.7 mmol/l D-glucose; B) 15 min with enalaprilate (25 mg/ ml) + 2.8 mmol/l D-glucose followed by 30 min with enalaprilate (25 mg/ml) + 16.7 mmol/l D-glucose; C) 30 min with 10 ng/ml ATII + 5.6 mmol/l D-glucose; D) 30 min with 10 ng/ml ATII + 16.7 mmol/l D-glucose; E) 10 min with 10 ng/ml ATII + 2.8 mmol/l D-glucose followed by 30 min with 10 ng/ ml ATII + 16.7 mmol/l D-glucose; F) 20 min with 10 ng/ml ATII + 2.8 mmol/l D-glucose followed by 30 min with 10 ng/ ml ATII + 16.7 mmol/l D-glucose; G) 15 min with 100 ng/ml angiotensin I (AT I; Sigma) + 2.8 mmol/l D-glucose followed by 30 min with 100 ng/ml AT I + 16.7 mmol/l D-glucose. At the end of all perfusions, except for group C, a 15-min period with basal medium supplemented with only 2.8 mmol/l D-glucose was administered. Note that the glucose concentration in group C remained constant at 5.6 mmol/l throughout the whole perfusion period. Any perfusion in which the effluent insulin concentration was not markedly reduced towards the basal values, during the last 15-min period, were considered as technical failures and were excluded from the study.
The effluent medium from the preparations was sampled every 5 min, except during the first 10 min after commencing a perfusion with any other medium than basal medium, when samples were collected in 1-min intervals after 1±5, 7 and 10 min. The insulin concentrations in all samples were determined by radioimmunoassay [15] .
The first and second phase of insulin response to glucose during the 30-min stimulation period with 16.7 mmol/l glucose was calculated by planimetry of the area of each individual perfusion curve for groups A, B, D, F, G [16] .
Statistical analysis. All values are given as means ± SEM. Statistical comparisons were made with Student's two-tailed unpaired or paired t-test.
Results
Blood flow measurements. Infusion of ATII induced a dose-dependent and pronounced hypertension in all animals (Table 1) . Furthermore, administration of the two highest doses led to a slight hyperglycaemia (Table 1) . ATII caused a dose-dependent decrease in both whole pancreatic and islet blood flow ( Table 2 ). The decrease was of a similar magnitude at the two lowest doses (2 and 50 ng/min) of ATII, as evidenced by the unchanged fractional islet blood flow values, whereas whole pancreatic blood flow was diminished to a larger extent than islet blood flow at the highest dose of ATII (100 ng/min; Table 2 ). The changes in blood flow values were mirrored by similar changes in the vascular conductance of the whole pancreas and islets, respectively ( Table 2) . Administration of enalaprilate did not affect mean arterial blood pressure or blood glucose concentrations when compared with saline-injected rats (Table 3) . Neither could any changes in whole pancreatic blood flow be observed (Table 3 ). However, the islet blood flow was markedly increased, leading to an almost doubling of the fraction of whole pancreatic blood flow being diverted through the islets (Table 3 ). Saralasin selectively increased islet blood flow at the higher dose (0.30 mg × kg ±1 × min ±1 ), whereas at the lower dose (0.15 mg × kg ±1 × min ±1 ) both whole pancreatic and islet blood flow were increased (Table 4) . Mean arterial blood pressure and blood glucose concentrations were not affected by saralasin administration (Table 4).
Perfusions of pancreas-duodenum. When control pancreas preparations were perfused (group A), addition of 16.7 mmol/l D-glucose to the medium elicited a biphasic insulin response (Fig. 1) . A prominent All values are means ± SEM. a p < 0.001 when compared with saline-infused rats.
b p < 0.05 and c p < 0.001 compared with time 0 in the same group Measurements were made 10 min after starting an infusion (0.1 ml/min) with saline or angiotensin II (AT II; 2, 50 or 100 ng/min) Blood glucose (mmol/l) 4.4 ± 0. All values are means ± SEM. a p < 0.01 and b p < 0.001 compared with the saline-injected rats Measurements were made 10 min after an intravenous injection of 0.2 ml saline or enalaprilate (25 mg/kg) dissolved in saline first peak was followed by a high and fairly constant second phase of insulin release, which promptly returned to basal values when the glucose stimulus was withdrawn (Fig. 1) . Addition of enalaprilate affected neither basal nor glucose-stimulated insulin release (Fig. 2) . When ATII was added to a medium with 5.6 mmol/l glucose (group C) a slow increase in effluent insulin concentrations was seen up to » 10 min after the start of the perfusion (Fig. 3) Thereafter the effluent insulin release decreased during 10 min. When the medium was switched to basal medium with 5.6 mmol/l glucose an initial increase in effluent insulin concentrations was seen, but 15 min later the insulin release was once again decreased, although not to the low values seen before addition of ATII (Fig. 3) . When ATII was added together with a high (16.7 mmol/l) glucose concentration, a marked change in the first phase of insulin release in response to glucose could be discerned. This was especially so when ATII and glucose were added simultaneously (group D) where no first phase at all could be observed, whereas the second phase of insulin release remained unaffected (Fig. 4) . When glucose was added 10 min after ATII had been added to the perfusion medium (group E), a minor first peak could barely be discerned, whereas, once again, the second phase insulin release was similar to that of the control pancreata in group A (Fig. 5) . However, when glucose was given 20 min after that ATII had been added to the perfusion medium, the first phase of insulin release was restored (Fig. 6 ). It should be noted that the insulin release to the effluent medium during perfusion with only ATII was increased in group E (Fig. 5) , similar to what was seen in group C. When AT I was added to the perfusion medium (group G) a normal first and second phase of insulin release could be seen (Fig. 7) . A diminished first peak of insulin response was seen in group D when calculated as area under 
Discussion
Blood flow to the pancreatic islets is regulated through a complex interaction between compounds released from the endocrine cells, locally produced endothelial-derived factors and nervous influences [see 17] . This results in an islet blood perfusion which is adequate both for the metabolism of the endocrine cells, and for the dispersal of the islet hormones. Islet endothelial cells are able to produce more nitric oxide, i. e. the main endothelial-derived relaxing factor [18] , than endothelial cells in the exocrine parts of the gland [19] . Furthermore, the islet vasculature seems to be more sensitive to regulatory influences of nitric oxide than the remaining parts of the pancreas [20] . These combined observations prompted us to investigate the effects on islet blood flow of another, mainly endothelial-derived, factor with profound effects on local blood flows, viz a Á viz ATII. This substance, and angiotensin III and angiotensin-(1±7) are produced in the canine pancreas in concentrations several times greater than those measured in peripheral blood [5] . ATII is the most abundant of these and is present in concentrations five times higher than the two other peptides [5] . Its receptors in the pancreas are found on both endocrine, exocrine and vascular tissue, and are mainly AT 2 -receptors, but also AT 1 -receptors are found in the canine pancreas. [5, 21] .
The present results suggest that a basal intra-pancreatic production of ATII occurs also in the rat pancreas. In confirmation of a different sensitivity between endocrine and exocrine vascular systems, we observed that prevention of ATII-formation, by ACE inhibition with enalaprilate, preferentially increased islet blood flow. This finding suggests that islet microvessels may produce higher levels of ATII than microvessels in the exocrine pancreas, and therefore may be more sensitive to ACE-inhibition. Moreover, islet blood flow seems, under normal conditions, to be suppressed by this locally produced ATII. When ATII was administered exogenously both whole pancreatic and islet blood flow were decreased, but islet blood flow was affected less severely than the former. The discrepancy between these findings is likely to be explained by the fact that infusion of ATII produces similar concentrations of this substance at the resistance vessels in both the exocrine and endocrine pancreas. Interference with formation or binding of ATII, on the other hand, induced circulatory changes depending on the local endogenous concentrations of ATII, i. e. the islet circulation is likely to be more sensitive to these latter experimental conditions.
To exclude the possibility that the increased islet blood flow after ACE-inhibition was merely due to effects other than that on angiotensin, such as an inhibited degradation of bradykinin, interaction with the prostaglandin system or the sympathetic nervous system [for review see 22] , the effect on islet blood flow of an ATII receptor antagonist was also studied. AT, receptors seem to be preferentially associated with vascular effects, whereas the function of AT 2 -receptors is obscure [23] . Since previous studies in dogs, referred to above, suggest that the majority of ATII-receptors within the pancreas are of the AT 2 -type, we decided to choose saralasin, a non-specific ATII-receptor antagonist, for our experiments. Saralasin, like the ACE-inhibitor enalaprilate, increased islet blood flow. In the lower dose, saralasin increased both whole pancreatic blood flow and islet blood flow, whereas the higher dose selectively increased islet blood flow. This dose-dependent difference may be due to its previously described partly agonistic effects on ATII receptors [23] . Since both administration of the ATII-receptor antagonist saralasin and of the ACE-inhibitor enalaprilate increased islet blood flow, it can be envisaged that the effects of the latter on islet blood flow are at least partially mediated by decreased ATII production. Influence on islet blood flow of other effects of ACE-inhibition than decreased ATII-production, like increased levels of bradykinin, were beyond the scope of the present study.
Islet blood flow changes can be associated with changes also in insulin release from the pancreatic islets [cf. 17] . In view of the marked effects of ATII on islet blood flow, it could be envisaged that this substance would affect also the release of islet hormones in vivo. The animals given enalaprilate or saralasin in the present study showed no changes in blood glucose concentrations, whereas ATII caused a slight increase in blood glucose levels. This may be due to impaired insulin release, or perhaps more likely to a decreased glucose dispersal peripherally. In any case, a possible influence of ATII on insulin release seems subtle, and we therefore decided to use the perfused whole pancreas to study the effects of ATII on this process, since this model offers the possibility to evaluate insulin release on a minute-to-minute basis.
When enalaprilate was added to the perfusion medium no change in insulin release compared with controls was observed. This suggests, as expected, that the basal intra-pancreatic production of ATII is not necessary for a normal glucose-induced insulin release. Of more interest was the finding that ATII in itself could delay the first insulin peak after glucose stimulation, whereas the second-phase was unaffected. This was presumably due to the vasoconstrictive action of ATII. Indeed, there was an approximately 15-min long 50 % increase in perfusion pressure after addition of ATII to the medium, i. e. during the time of the first peak. Thereafter, the pressure returned to the basal value of approximately 50 mm Hg (6.7 kPa; data not shown). The importance of vasoconstriction for the seemingly abolished first phase of insulin re- lease in group D was further emphasised by performing experiments in which a 20-min perfusion with a low glucose concentration plus ATII was followed by 30 min with high glucose and ATII (group F). This means that when high glucose was added to the medium, the vascular response to ATII had already declined, and no effects on perfusion pressure were seen during perfusion with high glucose plus ATII. In these experiments the first peak of insulin release was normalized. A reasonable explanation is that after 10±15 min of perfusion with ATII, local metabolites such as lactate and adenosine have accumulated and cause a metabolically mediated vasodilation. As the vasoconstriction disappears, insulin present in the islets will be washed out and the effluent insulin concentrations are momentarily increased (compare group C and E).
As referred to above, the most prominent effect of ATII in the perfusion experiments was a delay of the first phase of glucose-stimulated insulin release. Several studies in hypertensive patients receiving longterm treatment with ACE-inhibitors, have described an increased early insulin peak in response to intravenous glucose administration [24, 25] or oral glucose [26] . Whether overactivity of the endothelium-dependent vasoconstriction in the islet microvasculature may contribute to the defective early insulin response in NIDDM [27] and gestational diabetes [28] remains to be shown.
In summary, the present study demonstrates that ATII has a marked vasoconstrictive effect on the vasculature of both the endocrine and exocrine pancreas. In view of the close correlation between islet blood flow and insulin release, a decreased islet blood flow, e. g. due to hyperactivity of the angiotensin system in the islet vasculature, could be of importance for impairments of insulin release.
